Trypsin (o.Img./ml.) reduced the infectivity of vesicular stomatitis virus by 5 log. within 5 miD. and destroyed immunizing activity. It also destroyed the complement-fixing activity against antiserum to the virus but the activity against antiserum to host cells was unaffected. The external spike-like projections of the virus were removed without affecting the remainder of the surface structure. Trypsin removed radioactivity from virus labelled with [l~C]amino acids, but not from virus labelled with 3~p.
INTRODUCTION
Vesicular stomatitis virus is a member of the group of bullet shaped viruses and measures 175 x 65 nm. It has a rigid helical internal framework which several authors have considered to be the nucleoprotein component of the virus (Simpson & Hauser, 1966; Klimenko, Uvarov & Gajdamovich, 1966; McCombs, Benyesh-Melnick & Brunschwig, 1966; Bergold & Munz, I967; Nakai & Howatson, 1968) . The exact conformation of the nucleoprotein has been the subject of much discussion by these workers and the possibility that there may be an inner as well as an outer helix has not yet been completely discounted. It seems likely that during virus maturation the internal structure collects host cell material as it passes through the cellular membrane. Cartwright & Pearce (1968) showed that at least part of this host-cell material is present in the cells before virus infection.
A feature of vesicular stomatitis virus is the presence of spike-like surface projections, first described by Howatson & Whitmore (1962) . Previous work by us (Brown & Cartwright, 1966; Brown, Cartwright & Smale, 1967) provided evidence that these projections carried the immunizing antigen of the virus and the work described in this paper is a continuation of our attempts to relate biological activity to the structural features of the virus. By studying the effect of trypsin and phospholipase C on the appearance of the virus in the electron microscope and relating these observations to alterations in biological properties we have been able to obtain further correlations between structure and function. We also studied the chemical nature of the structures carrying these biological properties by using virus in which the protein and phospholipid components were specifically labelled with isotopes. METHODS Growth ofunlabelled and labelled viruses. The INDIANA strain was used for all experiments. It was grown by infecting monolayers of BHK2I cells in Roux flasks at a multiplicity of o.oI and then incubating in 2o ml. Eagle's medium at 37 °, with constant gentle rocking, until the sheets left the glass. This usually occurred in 2o to 24 hr. The medium was then separated from cell debris by centrifuging at IOOO g for 5 rain.
Protein-labelled virus was obtained by infecting monolayers at a multiplicity of o.oI, incubating at 37 ° for 15 rain., washing several times in Earle's saline and then incubating in Earle's saline containing a mixture of [x4C]amino acids (either the protein hydrolysate from Chlorella protein or a mixture of individual L-amino acids (Radiochemical Centre, Amersham, Bucks.)).
Virus in which the phospholipid was specifically labelled was prepared by using BHK cells which had been pre-labelled with s2p. The cells were labelled by washing rapidly growing monolayers with Earle's saline in which the phosphate had been replaced by o.oi M-tris, pH 7"6, and then incubating in the same medium plus 82PO4 for 6 hr. The monolayer was then washed to remove unincorporated 8~PO4, incubated in growth medium for a further 48 hr and used at that stage for the growth of virus (Cartwright & Pearce, I968).
Estimation of virus infectivity and serum blocking and neutralization activity. Virus was titrated by intracerebral inoculation of groups of five unweaned mice with o'o3 ml. of serial tenfold dilutions of the suspension. For the estimation of virus neutralizing activity o'o3 ml. of mixtures containing equal volumes of the virus dilutions and undiluted serum were inoculated intracerebrally into unweaned mice. The neutralizing activity of a serum was taken as the difference between the titre of virus plus normal serum and of virus plus test serum and is expressed as the number of log. ID5o neutralized by o'oi5 ml. serum.
Serum blocking tests were made by mixing the inactivated virus fractions with an equal volume of I/IOO hyperimmune guinea-pig serum. After I hr at room temperature the mixtures were tested for residual neutralizing activity by mixing samples with an equal volume of tenfold dilutions of virus and inoculating them into mice.
Complement-fixing activity of antigens. Quantitative assays were made by allowing excess antiserum to react with the antigen under test in the presence of serially increasing amounts of complement (I/3o guinea-pig serum). After 30 min. at 37 ° the haemolytic indicator system was added and incubation continued for a further 30 min. at 37 °. The 50 % haemolytic end-point was calculated by the use of probits.
Qualitative tests on fractions separated on sucrose gradients were made by permitting antigen and antiserum to react at one level of complement and assessing the degree of fixation on a scale from + to + + + +. The appropriate fractions were then combined for subsequent quantitative assay.
Antisera. Antiserum against virus was produced by infecting guinea pigs with virus which had been passaged in guinea pigs. Twenty-one days after the first inoculation the animals were injected subcutaneously with an emulsion of equal volumes of virus and an adjuvant consisting of a 9: I (v/v) mixture of Bayol F and Arlacel A. Twenty-one days later the animals were killed and the serum collected. Antisera against the spike and skeleton fractions of the virus were prepared by inoculation of fractions obtained from virus disrupted by treatment with Tween-ether. The conditions for the preparation of these components were described by Brown, Cartwright & Smale (I967) . Briefly, the disrupted virus was first centrifuged at I5,OOO rev./min, for Ioo min. in the 4 ° rotor of the Spinco Ultracentrifuge and the supernatant and pellet fractions were then fractionated further by sucrose gradient centrifugation. The pellet fraction was centrifuged for 2 hr at 2o,ooo rev./rnin, in a I5 to 45 % gradient and the bottom third of the tube contents was collected as the skeleton fraction. The supernatant fraction was centrifuged for I6 hr at 25,ooo rev./min, in a 5 to 25 % gradient and the top third of the tube contents was used as the spike fraction. Each preparation was inactivated with o'o5 % acetylethyleneimine before inoculating it into guinea pigs and serum was obtained zI days after the inoculations.
Antiserum against baby hamster kidney cells was produced in a rabbit by repeated subcutaneous inoculation of about Io 8 washed cells, of which half had been disrupted by ultrasonic vibration.
Inactivation and inoculation of antigens. Acetylethyleneimine at a concentration of o'o5 % was used to inactivate the virus fractions. The antigens were made non-infective for mice and guinea pigs by incubation for 6 hr at 37 °. The action of the acetylethyleneimine was then stopped by the addition of i[ro volume of zo % sodium thiosulphate solution. Antigens prepared in this way were inoculated into guinea pigs subcutaneously after mixing with an equal volume of aluminium hydroxide gel.
Immunizing activity of virus preparations. Serum samples were obtained from the guinea pigs zI days after inoculation and their virus neutralizing activity measured.
Preparation of purified virus. In a typical experiment 4oo ml. of virus suspension were mixed with 6oo ml. of saturated ammonium sulphate solution at 2 °, allowed to remain at this temperature for 3o min. and the precipitate collected by centrifuging at zooo g for 3o min. The precipitate was resuspended in o'o4 M-phosphate, pH 7"6, to give a final volume of 6o ml., centrifuged at 20oo g to remove insoluble debris and the supernatant fluid then centrifuged as z x 3o ml. lots in the 3o rotor of the Spinco ultracentrifuge, at ~5,ooo rev./min, for Ioo rain. The pellet containing the bulk of the infective virus was resuspended overnight in 6 ml. o'o4 M-phosphate and this was then centrifuged as 3 x z ml. lots in three 15 to 45 % gradients. The infective virus was readily observed as a light-scattering band and the appropriate fractions from each tube were combined to give the preparation with which subsequent experiments were done. When radioactive virus was used, it was usually combined with an excess of unlabelled virus before the sucrose gradient centrifugation step and the most active fractions were detected by radioactive counting of small samples (o'o5 ml.).
Electron microscopy. Samples isolated from sucrose gradients were pipetted on to carbon-formvar grids and the film of sucrose allowed to become sticky. The sucrose was then removed by two applications of z % phosphotungstic acid, pH 6"5, and the grid finally drained by touching the edge with filter paper. Samples not containing sucrose were mixed with an equal volume of 2 % phosphotungstic acid at pH 6"5 or pH 7"2 and applied to grids. After allowing them to stand for I min. the grids were drained as before. 
RESULTS

Effect of phospholipase C and trypsin on the infectivity and immunizing activity of vesicular stomatitis virus
The rate of loss of infectivity of a purified preparation of the virus which had been separated by sucrose gradient centrifugation was measured over a range of concentrations of phospholipase C. The infectivity decreased slowly and, even with a concentration of 7"5 mg./ml, enzyme, only 1.5 log. were lost in 60 min. at 37 ° (Table I) . 7"9 45 i> 7"5 60 i>7"5 7"5 I5 7"I 60 6"9 Virus 8"7 9"1 8"7 Virus+trypsin, I mg./ml.
--2"9 2"7 Virus + trypsin, o" I mg./ml.
--3"3 2"9 Virus + serum --8"9 8"7 Virus+ I/iO serum --8"7 8"9 Virus+serum+trypsin, o-I mg./ml. 9"1 8-5 8'5 Virus+ I/IO serum+ trypsin, o-I mg./ml.
--8"9 8"3
In contrast, trypsin reduced the infectivity of the virus much more rapidly, 4 to 5 log. being lost within I5 rain. at 37 ° at enzyme concentrations of o.I and I.o mg./ml. (Table 2 ). There was little further loss in the next 4 hr. Control samples of the virus which were incubated without addition of enzyme or in the presence of sufficient serum to inhibit the enzyme activity, or in the presence of this concentration of serum plus o.I mg./ml, enzyme did not lose more than a trace of infectivity in the same period.
The effect of the two enzymes on the immunizing activity of the virus was tested by incubating separate portions of a purified preparation with 2 mg./ml, phospholipase C for I hr at 37 °, or with 0"5 mg./ml, trypsin for i5 min. at 37 °, or with 0"05 mg./ ml. trypsin for ~5 min. at 37 °. The residual infectivity was then inactivated with 0"05 % acetylethyleneimine and the samples inoculated into guinea pigs. Serum samples On: Fri, 21 Dec 2018 14:13:42
Surface structure of VSV 5 obtained 2t days after the inoculation were tested for virus neutralizing activity (Table 3 ). We regard this as a valid method for determining immunizing activity because the degree of protection against virus infection conferred by inoculation of guinea pigs with inactivated vesicular stomatitis virus preparations is roughly proportional to the virus neutralizing antibody in the serum at the time of challenge (personal communication from Miss J. Crick). Phospholipase C (Expt I) did not reduce the immunizing activity of the virus, while trypsin almost completely destroyed it (Expt 2).
In case the effect of the trypsin was due to the continuing action of the enzyme during the 6 hr inactivation period with acetylethyleneimine, in another experiment the action of the enzyme (o'05 mg./ml.) was stopped after 5 min. by adding serum. The inhibitory action of the serum was tested by including a second control consisting of virus plus serum to which was added the same concentration of trypsin. The results confirmed the observations made in Expt 2 that trypsin rapidly destroyed the immunizing activity of the virus (Table 3 , Expt 3).
Virus neutralizing activity in sera of four individual guinea pigs (log. ID 50 neutralized by o.oi 5 ml. serum) Preparation , ~ ---Virus 4"8 I>5"6 5"8 I>5"8 Virus+ 2 mg./ml, phospho-5"2 3"6 >~5"8 -lipase C Virus 8"7 ~>4"I ~>4"I >~3"9 i>3"7 Virus+o-5 mg. trypsin/ml. 4"1 0"5 o'o o'I 0"3 Virus + 0-05 rag. trypsin/ml. 3"5 0"5 0"3 0"5 I" I Virus + serum 8"9 4"5 4"7 4"7 --Virus + serum + 0"05 mg./ml. 8.9 5"3 5"3 5"3 3"9 trypsin Virus+ trypsin (0"o5 mg./ml.) at 5"3 0"9 I'l I-7 I'9 37°/5 rain. Serum then added Table 3 
. Effect of phospholipase C and trypsin on the ability of inactivated vesicular stomatitis virus to stimulate the production of virus neutralizing antibody
Infectivity before inactivation by acetylethyleneimine (log. ID 50/ Expt 0"03 ml.)
x 9-1 8"5 Portions of the samples used in Expt 3 were also tested for serum-blocking activity. As with the test for immunizing activity, it was found that the virus which had not been treated with trypsin or which had been mixed with serum before adding the enzyme possessed considerable serum blocking activity, whereas the trypsin-treated virus had little of this activity (Table 4 ).
Effect of trypsin and phospholipase C on the complement-fixing activity of the virus
Purified preparations of vesicular stomatitis virus grown in BHK cells fix complement with hyperimmune antiserum and aIso fix complement with an antiserum against BHK cells produced in rabbits by repeated inoculations of uninfected BHK cells (Cartwright & Pearce, I968 ) . The fixation obtained with antiserum against cells is due to the presence on the virus surface of host-cell constituents. Purified virus was incubated with o. I mg./ml, trypsin for 5 rain. or 2 mg./ml, phospholipase for 2 hr and then centrifuged in 15 to 45 % sucrose gradients at 2o,ooo rev./min. for 2 hr. Examination of the individual fractions of the gradients showed that trypsin destroyed the complement fixing activity with antiserum against virus but not with antiserum against cells. The reverse was found with virus which had been incubated with phospholipase; that is, the activity with antiserum against virus was retained but only a trace of fixation was obtained with antiserum against cells (Fig. I) . It is noteworthy that the residual complement-fixing activity in each case was at approximately the same position in the gradient as the untreated virus. Quantitative assays showed that none of the initial activity with antiserum against virus was left after trypsin treatment and less than IO % of the activity with cell antiserum remained after phospholipase treatment. These results suggest that a virus specific component was destroyed by trypsin, whereas phospholipase destroyed the cell component of the virus.
Electron microscopy
Trypsin (o.I mg./ml.) removed the spikes from the virus within 5 min. leaving a smooth surface (P1. I b). As with the untreated virus particles, there was little evidence of penetration with phosphotungstic acid. Prolonged incubation with the enzyme produced particles which were penetrated by the stain and showed signs of disintegration. These particles were not examined in detail because we were mainly concerned with the rapid action of the trypsin which leads to loss of infectivity and immunizing activity.
Phospholipase C rapidly produced particles from which varying amounts of the envelope were missing and which showed considerable internal staining (P1. I c, d). Examination of selected particles showed that spikes were present in those areas from which the lipid coat had apparently been removed, indicating a direct attachment of the spikes to the internal helical component of the virus. More prolonged incubation led to the formation of particles showing considerable disintegration.
Activity of antisera against virus, spikes, virus skeleton and trypsin-treated virus
Treatment of vesicular stomatitis virus with Tween-ether removes the virus envelope and spikes but leaves an infective skeleton-like internal structure (Brown, Cartwright & Smale, I967; Brown, Cartwright, Crick & Smale, I967) . This skeleton is about the same size and shape as the untreated virus particle and its infectivity has been presumed to be due to the presence within the structure of the ribonucleoprotein of the virus. Antiserum obtained from infected animals neutralized the infectivity of the complete virus and of the skeleton structure. However, inoculation of the spike-like structures, obtained by disruption of the virus with Tween-ether and subsequent fractionation, produced an antiserum which neutralized virus but not the skeleton. In contrast, antiserum produced by inoculation of the trypsin-treated virus did not significantly reduce the infectivity of the virus but reduced the titre of the skeleton.
As we have shown previously (Brown, Cartwright, Crick & Smale, I967) , inoculation of preparations of the skeleton obtained by fractionating Tween-ether disrupted virus in sucrose gradients produces an antiserum which possesses virus-neutralizing activity. We have assumed that this is because the skeleton preparation is not completely free from structures possessing spikes (e.g. envelopes). Probably for this reason Surface structure of VSV 9
in accordance with the observation that the same antiserum neutralized the infectivity of the skeleton but not of the virus (Table 5) .
Effect of trypsin and phospholipase C on protein and phospholipid-labelled virus
The distribution of radioactivity in sucrose gradients of virus labelled with [a4C]protein and [3~p]phospholipid after treatment with trypsin or phospholipase was investigated. Both trypsin and phospholipase C converted part of the 14C label from the virus particle into slowly sedimenting material. With virus labelled in the phospholipid with 32p, trypsin had no effect on the distribution of radioactivity in the gradient. Phospholipase C, on the other hand, removed increasing amounts of z2p from the virus particles as incubation was continued. Even after only 15 min. at 37° with 0"5 rag./ ml. more than 20 % of the radioactivity was converted to slowly sedimenting material and more than 5o % was slowly sedimenting after 2 hr incubation (Fig. z) . Hyperimmune I/IOOO 4"3 0'9 Spike I / I o 5" I /> 3"5 I/Ioo 6"3 /> 3"5 Skeleton I/m 7'5 0"5 I/Ioo 7'9 2"3 Trypsinized virus I/IO 8"5 0"7 I/lOO 9"I I"3
DISCUSSION
Besides drastically reducing the infectivity of vesicular stomatitis virus, trypsin abolishes the immunizing activity and complement-fixing activity with antiserum against virus, Electron microscopy indicates that the only alteration to the virus structure caused by the enzyme is the removal of the spikes, so it seems safe to conclude that the immunizing and complement-fixing antigen are associated with the spike. McCombs et al. (I966) also found that trypsin removed spikes from the virus but did not attempt to correlate this alteration in structure with any change in biological activity. The loss of infectivity is presumably due to the failure of the virus to attach to susceptible cells because the virus RNA is unaffected (F. Brown & B. Cartwright, unpublished observations) .
Since trypsin-treated virus still fixed complement with antiserum against BHK cells, the cellular component of the virus cannot be located on the spikes but must be present elsewhere on the virus surface. Phospholipase C removes a2p from virus which is specifically labelled in the phospholipid component and the surface structure between the spikes appears to dissolve. The comp~ment-fixing activity against cell antiserum is also lost. In contrast, however, complement-fixing activity against virus antiserum is retained and the particles still appear to possess the spike structure. The IO B. CARTWRIGHT, C. J. SMALE AND F. BROWN retention of this structure would account for the observation that the immunizing activity of the virus is unaffected by phospholipase C. Tween-ether treatment removes the spikes and cellular envelope but leaves an infective structure containing all the RNA of the virus (Brown et al. 1967) . As one would expect, this skeleton-like structure is neutralized by antibody raised against the skeleton and it is also neutralized by antibody elicited by trypsin-treated virus. The structure is not neutralized, however, by anti-spike antiserum produced by inoculation of the small antigens released by Tween-ether from the surface of the virus.
These observations provide good evidence that the virus particle possesses an outer envelope composed of cellular material and an internal helical component consisting of virus-specific antigens. The spikes appear to be attached directly to the internal helical component and to penetrate the outer envelope to give the familiar surface projections of the virus. This direct attachment of the spikes to the internal component, which can be seen in the electron micrographs of the phospholipase-treated samples, can also be seen occasionally in preparations of untreated virus particles.
